We describe the potential stemness of a small amount of frozen-thawed testicular tissue without sperm obtained by biopsy from six patients undergoing assisted reproductive treatment. The patients were diagnosed with Sertoli Cell-Only Syndrome alone or combined with maturation arrest. Trying to provide the natural stem cell niche for cultured stem cells, all isolated cells from enzymatically degraded biopsies where cultured together in different culture media and the presence of putative mesenchymal and putative pluripotent ES-like stem cells was indicated using different methods. High throughput real-time quantitative PCR followed by multivariate analysis revealed the formation of distinct cell clusters reflecting high degree of similarity and some of these cell clusters expressed the genes characteristic for pluripotent stem cells. In the presence of the follicular fluid, prepared as serum, putative testicular stem cells showed a certain degree of plasticity, and spontaneously differentiated into adipose-like and neuronal-like cells. Additionally, using differentiation protocols putative testicular stem cells were differentiated into neuronaland pancreatic-like cells. This study shows that in assisted reproduction programmes, testicular tissue with no sperm might be an important source of stem cells, although it is discarded in daily medical practice; this requires further research.
Introduction
Stem cells derived from adult human tissues are of great scientific interest to provide potential individual cell-based therapy without ethical and immunological problems associated with human embryonic stem cells. Testicular tissue retrieved in the assisted reproduction programme might be an important source of stem cells. In infertile men with azoospermia (no sperm in the ejaculate), a diagnostic testicular biopsy is usually performed to find sperm and to cryopreserve it until use for in vitro fertilization. In a certain number of these patients, there is no sperm in the testicular tissue due to Sertoli Cell-Only Syndrome (SCOS) or maturation arrest (MA) of germ cells at different stages of development. In these patients, fresh or frozen-thawed testicular tissue is thrown away in daily medical practice, but could be used for the personalized cell therapy in the future. The majority of studies on testicular stem cells have been performed with the whole animal or human testicles or large biopsies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , but in a clinical practice only small testicular biopsies of infertile men are available.
Most of the earlier studies concerning testicular stem cells were performed in the mouse model, mostly to study spermatogonial stem cells and their in vitro reprogramming [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . This work was followed by studies on human testicular tissue [11] [12] [13] [14] , and the results have shown that germinal stem cells derived from the human and mouse testes have cellular and molecular characteristics comparable to pluripotent embryonic stem cells. Due to these properties, germinal stem cells seem to have a great potential for autologous cell-based therapies respecting their unstable imprinting patterns and potential teratoma formation [15] . Another possibility are multipotent mesenchymal stem cells with some advantages, such as immunomodulatory effects [16] , keeping the functionality of organs, and regeneration of damaged tissues [17] [18] [19] . Gonzalez et al. have isolated putative mesenchymal stem cells from adult human testes that they named gonadal stem cells [20] ; these cells expressed markers characteristic of mesenchymal stem cells (CD105, CD73, CD90, CD166, and STRO-1), some markers characteristic of pluripotent stem cells (OCT4, NANOG, and SSEA-4), and were capable to differentiate into chondrogenic, adipogenic, and osteogenic lineages.
When talking about gonadal stem cell cultures and potential cell-based therapies, the role of the stem cell niche needs to be considered seriously since it may improve the conditions for cell growth, proliferation, and maintenance of natural properties [21] . It is known that stem cells isolated from the gonadal tissue (i.e., spermatogonial stem cells) change their properties when isolated from the testicular niche and that it is difficult to propagate and maintain them in vitro for a longer period [1] . Therefore, the aim of this study was to culture putative testicular stem cells with potentially pluripotent/multipotent character in the presence of other testicular cells, including Sertoli cells, which are known to have an important role in the regulation of spermatogonial fate and support of other testicular cells [22] . Moreover, we were trying to evaluate the stemness of small testicular biopsies of infertile men with no sperm. Putative testicular stem cells were differentiated into different types of cells by differentiation protocols and by heterologous follicular fluid retrieved from patients undergoing in vitro fertilization and rich in different substances important for germ cell growth, differentiation, and maturation, added to the conventional culture media.
Materials and Methods

Testicular Tissue Retrieval.
Into this study six infertile men from the assisted reproduction programme were included. They were aged from 21 to 41 years (mean age: 34.3 years). In each patient, an approximately 5 mm 3 volume of testicular tissue was retrieved at diagnostic biopsy to obtain sperm before the potential in vitro fertilization procedure. In all patients the observation under an inverted microscope revealed no sperm in the tissue. A part of the tissue was sent to the Unit of Pathology, where the hematoxylin-eosin (HE) staining of testicular tissue sections was performed and observed by the very experienced pathologist. HE staining revealed SCOS in two patients and SCOS combined with MA in remaining patients. The testicular tissue was used for research purposes after the patient's written consent according to the research approval of the National Medical Ethical Committee (Ministry of Health, Republic of Slovenia). • C and stored until use.
Follicular Fluid
Retrieval. In the in vitro fertilization programme, the follicular fluid was retrieved at the oocyte aspiration and after a written consent was donated by two young patients with a normal ovarian reserve and normal response to the hormonal ovarian stimulation. Previous testing on HIV and hepatitis viruses revealed that they were healthy. Follicular fluid was used immediately after the removal of the oocytes so as not to coagulate. To prepare the follicular fluid, it was centrifugated for 10 minutes at 2,500 rpm. The supernatant was filtered through a sterile Sartorius Minisart 0.45 µm filter to remove all possible cells (i.e., granulosa cells, theca cells, blood cells, and cells from the immunological system). The filtered supernatant was heat inactivated at 56
• C for 45 minutes. Then it was aliquoted and stored at −20 • C until use.
Testicular Tissue
Thawing, Isolation, and Culture of Testicular Cells. Two vials of frozen testicular tissue of each patient were thawed in a water bath (37 • C), and the content of the vials was transferred into a warm Dulbecco's Modified Eagle's Medium (DMEM)/Nutrient Mixture F12 Ham with L-glutamine and 15 mM HEPES (Sigma, cat.no. D8900). This medium was supplemented with 3.7 g/L NaHCO 3 , 1% penicillin/streptomycin (Sigma), and the pH was adjusted to 7.4 with 1 M NaOH. The whole frozen-thawed testicular tissue was enzymatically degraded in two steps according to the modified protocol of Kanatsu-Shinohara et al. [1] . We did not isolate any special type of testicular cells but handled the whole population of testicular cells to enable the testicular niche to potential stem cells, if present. After enzymatic degradation at least 100.000 testicular cells were retrieved, as counted in a Neubauer counting chamber. Approximately 60% of cells survived the freeze-thawing procedures, as revealed by Trypan Blue staining. Then testicular tissue was centrifuged for 8 minutes at 1,500 rpm, and after centrifugation the supernatant was removed. The pellet was resuspended in collagenase type XI (0.5 mg/mL), incubated for 10 minutes at 37
• C, and centrifuged for 8 minutes at 1,500 rpm again. After centrifugation, the supernatant was removed and the pellet resuspended in an enzyme mixture of collagenase type XI (0.5 mg/mL) and hyaluronidase (SynVitro Hydase, Origio). After 10 minutes of incubation at 37
• C, 20% fetal bovine serum (FBS) was added to inactivate enzymes, and the suspension of cells was vigorously stirred and left for 5 minutes to separate the bigger pieces of tissue from Journal of Biomedicine and Biotechnology 3 the suspension of cells by gravity. The supernatant was then collected and centrifuged for 8 minutes at 1,500 rpm. This gravity separation was done in first three isolations of testicular cells. In further isolations the suspension of cells was passed through a 70 µm cell strainer (BD Falcon) and centrifuged for 8 minutes at 1,500 rpm. After centrifugation the supernatant was removed, and the pellets were resuspended in culture media. For each biopsy one gelatin-coated 4-well culture dish (Nunc) was used to establish the primary cell culture. Subculturing of cells was performed when necessary with collagenase type IV (Sigma) or with trypsin (Sigma). The cells were cultured in a CO 2 incubator at 37
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• C and 6% CO 2 in air and daily monitored at the heat-staged inverted microscope (Nikon, Japan) under 40x, 100x, and 200x magnifications (Hoffman illumination). All cell cultures were performed at the University Medical Centre Ljubljana.
Or By In Vitro Differentiation of Cell Cultures.
Neural differentiation was performed as described previously [23] , with some modifications. Briefly, the cells from approximately 10-day-old cultures were cultured on matrigel in DMEM/ F12 culture medium supplemented with 1% HSA-human serum albumin, 80 ng/mL human basic FGF, 30 µM forskolin, 1% nonessential amino acids, 0.1 mM 2-mercaptoethanol, and 1% of Insulin-Transferrin-Selenium (ITS). The cells were daily monitored, and after first morphological changes (approximately 2 days) they were stained using immunocytochemistry.
To initiate pancreatic differentiation cells from approximately 10-day-old cultures were cultured for 7 days on gelatine in pancreatic proliferation medium (DMEM/F12 supplemented with 1% of N2, 2% of B27, 1% of penicillin/ streptomycin, and 25 ng/mL bFGF) and then for 15 days in pancreatic differentiation medium (DMEM/F12 supplemented with 1% of N2, 2% of B27, 1% of penicillin/streptomycin and 10 mM nicotinamide) [24] [25] [26] .
Cell Analyses
Alkaline Phosphatase
Staining. An alkaline phosphatase detection kit (Millipore) was used for alkaline phosphatase (AP) staining for the presence of pluripotent and mesenchymal stem cells. Briefly, the cells were fixed in 4% paraformaldehyde for 3 minutes, permeabilized with 0.2% Tween-20 for 10 minutes and incubated for 30 minutes in a working solution of reagents, which consisted of Fast Red Violet, Naphtol AS-BI phosphate solution and water in a 2 : 1 : 1 ratio. The culture was observed under an inverted microscope (Hoffman illumination) to confirm AP activity. The cells or cell colonies expressing AP activity were stained from pink to a red colour.
Oil Red O Staining.
Oil Red O staining was used to confirm the adipogenic differentiation of cultured cells. The cells were fixed in 4% paraformaldehyde for 30 minutes and incubated for 10 minutes in an Oil Red O working solution. After staining, the cells were washed 2 times with PBS and observed under an inverted microscope (Hoffman illumination) to detect the red staining of the lipid droplets.
Flow Cytometry.
The cells were analyzed by using FITC-(fluorescein isothiocyanate-) conjugated antibodies against CD105 (EuroClone) and PE-(phycoerythrin-) conjugated antibodies against SSEA-4 (BD Pharmingen). Mouse IgG3 conjugated with PE (BD Pharmingen) and mouse IgG1 conjugated with FITC antibodies (BD Pharmingen) were used as isotype controls. The analyzed testicular cell culture was previously cultured in a DMEM/F12 culture medium with 20% of follicular fluid, prepared as serum, on a gelatine-coated plate for 84 days (8 passages) before analysis. The whole cell culture was collected, including the cell clusters, which were treated with trypsin to achieve single-cell suspension. The sample was analyzed by using FACSCalibur (BD) and the data by using BD CellQuest Pro Software. A proportion of stained cells was monitored under a fluorescent microscope to evaluate the morphology of the CD105-and SSEA-4-positive cells.
Dithizone Staining.
Dithizone staining of cell cultures was performed as described previously [27] . Briefly, the stock solution of dithizone was prepared by dissolving 10 mg of dithizone in 1 mL of dimethyl sulfoxide (DMSO). Then 10 µl of stock solution was added to 1 mL of DMEM/F12, filtered through a 0,4 µm filter, and cells were incubated in this working solution for 15 minutes at 37
• C. After incubation cells were washed 4 times with PBS and observed under an inverted microscope. biotinylated secondary antibodies (polyclonal rabbit antimouse Immunoglobulins (1 : 400) or polyclonal goat antirabbit Immunoglobulins (1 : 600), both DakoCytomation) for 30 minutes and then with an ABC reagent (Vectastain ABC Kit-Standard) for 30 minutes. Finally, the cells were incubated in a DAB substrate (Sigma) until the brown staining appeared (usually about 5 minutes), washed with PBS and observed under an inverted microscope (Hoffman illumination) to detect positive brown-stained cells or cell colonies. For a negative control, the primary antibodies were omitted from the procedure and replaced with 1% FBS. • C. Cell lysis and sequence-specific reverse transcription were performed at 50
Gene Expression
• C for 15 min. The reverse transcriptase was inactivated by heating to 95
• C for 2 min. Subsequently, in the same tube, cDNA went through limited sequence-specific amplification by denaturing at 95
• C for 15 s, and annealing and amplification at 60
• C for 4 min for 14 cycles. These preamplified products were diluted 5-fold prior to analysis with Universal PCR Master Mix and inventoried TaqMan gene expression assays (ABI) in 96.96 Dynamic Arrays on a BioMark System. Each sample was analyzed in two technical replicates. Ct values were obtained from the BioMark System and were transferred to the GenEx software (MultiD). Missing data in the Biomark system were given a Ct of 999. These were removed in GenEx. Also Ct's larger than 30 were removed, since samples with such high Ct's in the Biomark 96 × 96 microfluidic card were expected to be negative, and these readings were unreliable. Technical repeats were then averaged. Missing data were then replaced by the highest Cq+1 for each gene. This corresponded to assigning a concentration to these samples that was half of the lowest concentration measured and was motivated by sampling ambiguity. There was also a need to handle missing data for downstream classification with multivariate tools. Linear quantities were calculated relative to the sample having lowest expression, and data were converted to log 2 scale. The data were now prepared for multivariate analysis to classify the samples based on the combined expression of all the genes. Heatmap, hierarchical clustering (Ward's Algorithm, Euclidean Distance Measure) and principal component analysis (PCA) were performed. In addition, descriptive statistics was calculated individually for the genes using 0.95% confidence level and groups were compared using 1-way ANOVA and unpaired 2-tailed t-Test. Statistical significance was set at P < 0.00269 (Bonferroni correction) to account for false positives due to multiple testing. The groups of samples compared were: putative testicular stem cells (TSC), human embryonic stem cells (hESC), and human fibroblasts (F161).
Results and Discussion
Testicular cell culture, forming cell colonies and persisting in a condition in vitro, was successfully established from testicular biopsies of 5 from 6 infertile men.
Plasticity of Cell Cultures in Conventional Culture Media with or without Added Follicular
Fluid. This is the first report on the use of heterologous follicular fluid retrieved in the in vitro fertilization programme as a media supplement to culture cells isolated from the frozen-thawed testicular tissue. In the in vitro fertilization programme, follicular fluid retrieved in infertile women after hormonal ovarian stimulation is normally discarded after oocyte removal and could be used as an interesting supplement to culture media, while it contains several components important for cell growth, differentiation, and maturation, such as estrogens, progesterone, FSH, and androgens [28] , proteins [29] , amino acids [30] , a high concentration of lipids-free cholesterol and meiosis-activating sterol (FF-MAS) [30, 31] , growth factors [32] , stem cell factor (SCF) [33] , and other substances important for cell growth, differentiation, and maturation.
At the beginning of this experiment, three different culture media were used to establish a primary cell cultures: DMEM/F12 with 20% FBS, DMEM/F12 with 20% follicular fluid (FF), and a culture medium which is usually used to culture human embryonic stem cells (hESC medium). The primary cell cultures were successfully established in all three culture conditions. After 2 weeks of culture, there were distinguishable morphological differences between them.
Culture 1: DMEM/F12 Culture Medium with Added Fetal Bovine Serum (FBS). The cell cultures consisted of
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Culture 2: Human Embryonic Stem Cell (hESC) Culture Medium with or without Added Follicular Fluid (FF)
. These cell cultures morphologically looked different from the cell cultures grown in the DMEM/F12 medium with added FBS, and they were more similar to the cell cultures grown in the DMEM/F12 medium with added follicular fluid. Structures which morphologically resembled embryoid bodies were observed. They usually developed on the native testicular fibroblasts. At this culture condition, a proliferation of small, yellow-coloured round cells with different diameters of up to 5 µm was found (Figure 2 ). These cells appeared as single cells, small clusters of cells, or cells attached to other types of cells (i.e., fibroblasts). A similar type of Oct4A-positive cells has been previously identified in histological sections and cell cultures of adult human testes by Bhartiya et al. [38] and adult human ovaries [39] . Very comparable small cells were also found in other adult human tissues and organs as reported by Ratajczak and his group in more publications [36] [37] [38] . They named the cells they found as very small embryonic-like (VSEL) stem cells.
The cell cultures were passaged and were transferred to matrigel-coated plates. Around day 20, 5% follicular fluid was added to the culture medium. Seven days later, the cell cultures were passaged into the hESC medium without the follicular fluid. Around day 40, small lipid droplets were observed in the cell cultures (Figures 3(a)-3(d) ), and 3 weeks later cell cultures were stained with Oil Red O to confirm lipids. A proportion of cells and cell colonies stained positively for the presence of lipids (Figures 3(e)-3(h) ). There were also cells which did not accumulate lipid droplets. This phenomenon was not observed, when cells were cultured in the same way on the gelatine instead of matrigel.
Culture 3: DMEM/F12 Culture Medium with an Added Follicular Fluid (FF).
The cell cultures were morphologically similar to the cell cultures grown in the hESC medium, and some round structures morphologically resembling embryoid bodies developed (Figure 4 ). These cell cultures were passaged, and at passage 2 they were transferred to the gelatine-and matrigel-coated plates. There were no cells accumulating lipid droplets. The cells formed clusters, and at passage 3 the cell cultures were stained for the presence of alkaline phosphatase activity. Some single cells with mesenchymal stem cell-like morphology attached to the dish bottom and some small round cells with diameters up to 5 µm attached to other types of cells were weakly positive for alkaline phosphatase activity ( Figure 5 antigen and nuclear staining by DAPI, as revealed by fluorescent microscopy. Besides pluripotent germinal stem cells derived from otherwise unipotent spermatogonia by reprogramming, as published before [11] [12] [13] [14] , there might be still another (maybe native) source of pluripotency in the adult human testes.
Around day 90, some of the cells spontaneously began to differentiate into neuronal-like cells. The cell cultures were stained for the expression of nestin, and a few elongated cells were indeed positive for nestin (Figure 7(e) ). We supposed that these cells differentiated in vitro, because they were not present in the primary cell culture and earlier passages of this cell culture. for neuronal differentiation, development of neuronal-like cells was found. Neuronal-like cells were appearing as single cells, or they formed some kind of nets. Neuronal-like cells were positively stained on S-100 marker (Figures 7(a)-7(d) ), whereas they did not stain on some other markers, such as NSE and NeuN (data not shown). This indicated the potential glia cell-like character of neuronal-like cells rather than the real neuronal character.
Plasticity of Cell Cultures Tested by
Additionally, when cell cultures were exposed to the media for pancreatic differentiation, the cell morphology was changed, and development of typical colonies was observed (Figure 8 ). Cell cultures (some colonies and single cells) were (Figure 9(a) ) strongly expressed a variety of genes related to pluripotency. In culture, small round cells with yellow colour and a diameter of up to 5 µm appeared close to this cluster ( Figure 9(b) ). Also the other cell clusters (Figures 10(a) -10(e)) expressed some of the genes characteristic of pluripotency, but to lower extent than TSC1 (Figure 10(f) ). Gene expression in the putative testicular stem cells (TSCs) was comparable to that in the human embryonic stem cells (hESC), but was quite different from the expression in the human fibroblasts, as reflected by the heatmap (Figure 10(f) ), corresponding dendrogram (Figure 11(a) ), PCA clustering ( Figure 11(b) ), and univariate analysis of the genes summarized by descriptive statistics ( Figure 12 ); TSCs clustered with the hESCs and in the PCA they have similar PC1 score; they differ, however, in the PC2 (Figure 11(b) ). The fibroblasts were clearly different. Comparing genes' expression between putative TSCs and hESCs and using Bonferroni correction for multiple testing, we found significantly lower expression of DNMT3B in TSC's (P = 0.00026). Genes DAZL, NANOS, KLF4, DNMT1, STELLA, NANOG, STAT3, OCT4A, and GPR125 were differentially expressed at P < 0.05 but cannot be considered significant without validation because of the large number of genes compared (Figure 12(a) ). On the other hand, fibroblasts showed quite different expression; in particular they did not express many of the genes related to pluripotency. Comparing with TSCs they underexpress OCT4A (P = 0.00187), NANOG (P = 0.00206), SOX-2 (P = 0.00145), and NANOS (P = 0.00247) (Figure 12(b) ). Comparing with hESCs they underexpress OCT4A (P = 0.00108), OCT4B (P = 0.00045), NANOG (P = 0.00151), SOX-2 (P = 0.00014), DNMT3B (P = 0.00106), and CDH1 (P = 0.00066). One-way ANOVA confirmed that the variation in genes' expression among the groups TSCs, hESCs, and fibroblasts was larger than expected by chance for OCT4A (P = 0.00040), LIN28 (P = 0.00170), GDF3 (P = 0.00012), NANOG (0.00044), SOX-2 (P = 0.00044), TDGF1 (P = 0.00154), DNMT3B (P = 0.00011), TERT (P = 6.068E−5), NANOS (P = 0.00126), and CDH1 (P = 2E−8). These results were consistent with the observations by flow cytometry and immunocytochemistry.
In the researched testicular biopsies differentiation of cell cultures into cells of all three germ layers (adipogenic cellsmesoderm, pancreatic-like cells-endoderm, and neuronallike cells-ectoderm) was found in spite of relatively low amount of processed testicular tissue. Additionally, there was some experimental evidence about the possible presence of putative mesenchymal and putative pluripotent stem cells forming clusters and their differentiation in vitro into adipose-like and neuronal-like cells, as induced by the follicular fluid addition. The population of putative stem cells found in this study seems to be comparable to the previously found population of putative stem cells from adult human testes expressing most of the mesenchymal stem cell markers (including CD105) and also some pluripotent stem cell markers (OCT4, SOX2, NANOG) and differentiating in vitro into adipogenic, osteogenic, and chondrogenic cells, as published by Gonzalez et al. [20] . Our study has shown that we are dealing with two different populations of stem cells in adult testes, mesenchymal and pluripotent, possibly. More advanced characterisation of putative stem cells from adult human testes is needed, respecting the nonclear distinction between -2  TDGF1  OCT-4A  OCT-4B  NANOS  NANOG  LIN28B  DNMT3B  CDH1  KLF4  STAT3  UTF1  GDF3  TERT  MYC  CD9  REX01  DNMT1  F161 mesenchymal and embryonic-like pluripotent stem cells [39] [40] [41] . The results of this study have shown that a relatively small amount of frozen-thawed testicular tissue without sperm and with an early germ cell maturation arrest expressed some level of stemness induced in vitro by heterologous follicular fluid added to the culture medium or by differentiation media and cultured in a testicular niche provided by the presence of other testicular cells after enzymatic degradation. This observation definitely needs to be further studied to solve the important clinical problem about the testicular tissue without sperm retrieved in the assisted reproduction programmes, possibly. Frozen-thawed or fresh testicular tissue of azoospermics without sperm is thrown away in daily medical practice, but could possibly be useful for different autologous cell therapies in the future. Genes   OCT-4A  OCT-4B  LIN28  GDF3  NANOG  MYC  KLF4  SOX-2  UTF1  TDGF1  DNMT3B  LIN28B  TERT  CD9  NANOS  CDH1  STAT3  REX01 
